Abstract Observations of Jupiter's UV auroral emissions collected over several years show that the ionospheric positions of the main emission and the Ganymede footprint can vary by as much as 3°in latitude. One explanation for this shift is a change of Jupiter's current sheet current density, which would alter the amount of field line stretching and displace the ionospheric mapping of field lines from a given radial distance in the magnetosphere. In this study we measure the long-term variability of Jupiter's magnetodisk using Galileo magnetometer data collected from 1996 to 2003. Using the Connerney et al. (1981) current sheet model, we calculate the current sheet density parameter that gives the best fit to the data from each orbit and find that the current density parameter varies by about 15% of its average value during the Galileo era. We investigate possible relationships between the observed current sheet variability and quantities such as Io's plasma torus production rate inferred from volcanic activity and external solar wind conditions extrapolated from data at 1 AU but find only a weak correlation. Finally, we trace Khurana (1997) model field lines to show that the observed changes in Jupiter's current sheet are sufficient to shift the ionospheric footprint of Ganymede and main auroral emission by a few degrees of latitude, consistent with the magnitude of auroral variability observed by Hubble Space Telescope (HST). However, we find that the measured auroral shifts in HST images are not consistent with concurrent changes in the current density parameter measured by Galileo.
Introduction
The first in situ measurements of Jupiter's magnetosphere were obtained during the Pioneer 10 flyby in 1973. They showed that Jupiter's magnetic field is primarily dipolar in the inner magnetosphere (radial distances inside of 10 Jovian radii or R J , where 1 R J = 71,492 km) but is highly radially stretched at larger distances due to the presence of an azimuthally directed current sheet (Smith et al., 1974) . The subsequent Pioneer 11, Voyager 1, and Voyager 2 flybys showed that from~10 to~30 R J the current sheet is aligned with the magnetic equator, which is tilted with respect to the jovigraphic equator due to Jupiter's~10°dipole tilt. From~30 to~60 R J the current sheet is located between the centrifugal and magnetic equators, and beyond 60 R J the current sheet is parallel to the solar wind (Behannon et al., 1981 ).
Jupiter's current sheet current density changes in strength on time scales of months (e.g., Russell et al., 2001) , and this variability has been proposed as one explanation for the observed shifts of Jupiter's UV auroral emissions. Hubble Space Telescope images of Jupiter's UV auroral regions show that the position of both the main emission and the Ganymede footprint can vary by several degrees of latitude on time scales from months to years (Bonfond et al., 2012; . Changes in the strength of Jupiter's current sheet current density would alter the degree to which field lines are stretched radially outward at the equator, shifting the ionospheric mapping of a field line threading a given equatorial radial distance in the magnetosphere. The purpose of the present study is first to quantify temporal changes in Jupiter's current sheet, as inferred from associated perturbations in the magnetic field measured by the Galileo magnetometer from mid-1996 to late 2002, and second to determine whether the variability in the strength of Jupiter's current sheet current density is consistent with the observed changes in the location of the main oval emissions.
This paper is organized as follows: in section 2 we discuss the motivation for this work and review results of relevant theoretical modeling and other studies. In section 3 we outline our analysis methods and describe
VOGT ET AL. VARIABILITY OF JUPITER'S MAGNETODISK 12,090
the data sets and models considered here. Section 4 presents our results and investigates possible relationships between the observed current sheet variability and quantities such as the rate of plasma production from Io, magnetospheric plasma density, and upstream solar wind conditions. Section 5 concludes with a summary.
Background and Motivation

Temporal Variability of Jupiter's Auroral Emissions
Jupiter's main auroral emission, sometimes called the main auroral oval, is associated with a corotation enforcement current system in the middle magnetosphere and is thought to typically map to radial distances of 20-30 R J (Cowley & Bunce, 2001; Hill, 2001) . As plasma diffuses radially outward from the Io torus, its angular velocity must decrease to conserve angular momentum. A current system develops, featuring (1) an upwarddirected (out of the ionosphere) field-aligned current that carries downgoing electrons that produce the main auroral emission, (2) an outward field-perpendicular radial current in the middle magnetosphere that provides a j × B force to accelerate plasma back up toward corotation, (3) a return downward-directed (into the ionosphere) field-aligned current associated with upgoing electrons and hence no auroral emission in the ionosphere, and (4) Pedersen currents in the ionosphere. The ionospheric position of these corotation enforcement currents, and therefore the main auroral emission, depends on factors like the ionospheric conductivity (e.g., Nichols & Cowley, 2004 ) and the radial gradient in the magnetospheric plasma azimuthal velocity profile, which, in turn, depends on the plasma mass loading rate from Io.
In addition to the main emission, Jupiter's aurora also features emissions at the ionospheric footprints of the moons Io (5.9 R J ), Europa (9.4 R J ), and Ganymede (15 R J ) (Clarke et al., 2002; Connerney et al., 1993) . These footprints have been instrumental in constraining magnetic field models for mapping between the magnetosphere and the ionosphere (e.g., Connerney et al., 1998; Hess et al., 2011) because the satellites' orbital locations at the jovigraphic equator are known.
Observations of Jupiter's UV auroral emissions from the Hubble Space Telescope show that the location of the main emission varies on time scales from months to years. One such example is shown in the left panel of Figure 1 , which shows a superposition of Hubble Space Telescope (HST) observations from December 2000 (red) and April 2005 (blue) reproduced from . These images were taken with similar viewing geometries (the difference in the central meridian longitude of the two images is less than 2°), but the main emission is shifted by~3°latitude from one image to the other. More recently, Bonfond Figure 1 ). (right) Illustration of how changes in the current sheet strength can alter the magnetic field configuration and ionospheric mapping (not to scale). The field lines have been traced from two fixed points in the ionosphere, and the red field lines show a field topology with a stronger current sheet current density than for the blue field lines. et al. (2012) reported a steady expansion of the main emission by approximately 2°of latitude from February to June 2007, although the Ganymede footprint in this example did not shift in latitude. As a result, the Ganymede footprint was observed poleward of the main emission, though it is usually equatorward. proposed that one possible explanation for the changes observed between December 2000 and April 2005 is a change in Jupiter's current sheet current density, which would alter the amount of field line stretching and displace the ionospheric mapping of field lines at a given radial distance in the magnetosphere. This point is illustrated in the right panel of Figure 1 , which shows example field lines traced from two fixed positions in the ionosphere. The example magnetic field consists of an axisymmetric planetary dipole field plus the contribution from a current sheet with two different values for the current density. A strong current density (red lines) increases the radial stretching of the field lines so that the equatorial crossing distance is larger than for a weak current density (blue lines). For example, the inner red (stronger current density) field line and the inner blue (weaker current density) field line map to the same position in the ionosphere, but the red field line crosses the equator at a larger radial distance than the inner blue field line. Similarly, the ionospheric mapping of a fixed radial distance in the magnetosphere maps to lower latitudes in the ionosphere for a stronger current density than for a weaker current density. For example, the inner red (stronger current density) field line and the outer blue (weaker current density) field line have the same equatorial crossing distance, but the inner red field line maps to a lower latitude in the ionosphere than the outer blue field line.
Recent modeling work by Nichols (2011) has quantified how the position of the main emission and Ganymede footprint can shift in response to changes in the mass loading rate and cold plasma density. They found that if the cold plasma density is proportional to the mass loading rate then decreasing the plasma outflow rate leads to an increased centrifugal force and more stretched field configuration, shifting the position of the main auroral emission, but the mass outflow rate would need to change by more than an order of magnitude to account for the several degree shift reported by . More recent modeling work found that including the effects of hot pressure anisotropy can increase the Ganymede footprint and main emission shifts to values that are comparable to that seen in the auroral observations (Nichols, Achilleos, & Cowley, 2015) .
Another possible explanation for changes in the position and brightness of the main auroral emission is a change in the external solar wind conditions. For example, it has been proposed that an increase in the solar wind dynamic pressure would decrease the strength of the field-aligned current system that drives the main emission (Cowley & Bunce, 2001; Southwood & Kivelson, 2001 ) because, as the magnetosphere is compressed, magnetic flux tubes and plasma would move inward at most local times except close to midnight. As plasma moves inward, the angular velocity of a given flux tube would increase to conserve angular momentum. Additionally, the position of the main auroral emission could shift as the Jovian field configuration changes in response to changing solar wind dynamic pressure, altering the ionospheric mapping of a given radial distance in the magnetosphere. These points are discussed in greater detail by Bunce (2003a, 2003b) .
Unfortunately, the lack of available upstream solar wind measurements has hindered studies of the details of solar wind influence on Jupiter's auroral emissions. Two noteworthy exceptions are the Cassini flyby of Jupiter in late 2000 and the New Horizons flyby in early 2007. Observations from these intervals suggest an increase in the UV auroral brightness and hectometric auroral radio emission intensity following the arrival of an interplanetary shock Gurnett et al., 2002; Nichols et al., 2007 Nichols et al., , 2009 , in conflict with the predictions of Cowley and Bunce (2001) and Southwood and Kivelson (2001) . Recent MHD simulations also suggest that the main auroral emission would brighten in response to an increase in solar wind dynamic pressure (Chané et al., 2017) . However, both the UV auroral brightness and auroral radio emissions can change in response to changes internal to the magnetosphere without any external solar wind activity. Upstream solar wind measurements are generally not available for comparison to the HST observations but can be predicted based on data propagated from the Earth's orbit (e.g., Tao et al., 2005; Zieger & Hansen, 2008) , though the timing errors associated with these models preclude comparison with specific auroral images. Solar windinduced variability is expected on relatively short (hours to days) time scales, while the strength of the current sheet current density, which we refer to simply as the "current sheet strength," we measure is variable on time scales of approximately weeks to months. Therefore, in our study, we consider how changes in Journal of Geophysical Research: Space Physics
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Jupiter's current sheet affect the auroral mapping of various features but do not consider the effects of the solar wind or other processes that would alter the position of the main auroral emission.
Current Sheet Models and Previous Studies of Temporal Variability
Studies of long-term temporal variability in Jupiter's magnetosphere have been relatively limited, due in part to the difficulty in separating temporal and spatial effects from the available single-spacecraft measurements. In particular, strong variations with local time have been reported in the magnetic field configuration, plasma sheet thickness, and plasma flow (Khurana, 2001; Krupp et al., 2001) , and these must be taken into account when considering temporal variations in data collected from different local time sectors.
In one study of temporal variations in Jupiter's magnetosphere, Russell et al. (2001) used magnetic field data from radial distances of 11 to 12 R J in the inner magnetosphere to calculate a magnetodisk current index, analogous to the D st index commonly calculated for the terrestrial magnetosphere (e.g., Dessler & Parker, 1959) . They analyzed magnetic field data through Galileo's I27 orbit in early 2000 and accounted for an observed dawn-dusk local time asymmetry in B θ , the meridional component of the magnetic field in the System III spherical coordinate system. Russell et al. (2001) defined a magnetodisk current index by averaging values over each spacecraft orbit of the observed B θ minus the B θ component of Jupiter's planetary magnetic field from the O6 model (Connerney, 1992) , a model external field (Khurana, 1997) , and the local time variation. They reported typical index values between À5 and +5 nT, with negative values indicating a weak field. Their current index displays a long-term trend, increasing from the start of the mission in 1996 through early 2000, as well as a few isolated variations of ±5 nT or more between individual orbits. Similar work calculating a magnetodisk current index for Saturn has been carried out by Leisner et al. (2007) . In a separate study, Bunce et al. (2007) modeled Saturn's ring current to examine how different properties varied with time. They used the Connerney, Acuña, and Ness (1983) current sheet model, which was based on an earlier model that had been developed to fit the perturbation magnetic field observed at Jupiter during the Pioneer and Voyager flybys (Connerney, Acuña, & Ness, 1981) . The perturbation magnetic field at Jupiter and Saturn can be reproduced well by the field generated by an annular disk of current, and both models include adjustable parameters such as the inner and outer edges of the disk, the disk thickness, and current density I 0 . Using the Saturnian current sheet model, Bunce et al. (2007) calculated the best fit parameters for 17 Cassini orbits from 2004 to 2006 and compared them to the magnetospheric system size as inferred from the solar wind dynamic pressure. Saturn's magnetopause standoff distance has a bimodal distribution of~22 or 27 R S for the compressed and expanded states, respectively, and is influenced by the solar wind dynamic pressure and internal processes (Achilleos et al., 2008) . Bunce et al. (2007) found that the location of the outer edge of Saturn's ring current, and thus the total current flowing in the model region and the ring current magnetic moment, increased with increasing magnetopause standoff distance. They therefore concluded that inertia currents likely dominate Saturn's ring current (see also Kellett et al., 2011) , whereas hot plasma currents dominate the ring current in the Earth's magnetosphere. In the next section we describe how we followed the methods of Bunce et al. (2007) in calculating a current sheet index for Jupiter.
Data Sets and Analysis Methods Used in This Study
Current Sheet Fitting Using Magnetometer Data
In order to quantify temporal changes to Jupiter's current sheet, we have analyzed magnetic field data from the Galileo spacecraft during 31 orbits of the planet from mid-1996 to late 2002. For each orbit we obtain the perturbation, or external field, by subtracting the internal planetary field of the VIP4 model (Connerney et al., 1998 ) from the observations. After calculating ΔB θ , the perturbation meridional magnetic field, we then perform a local time correction, detailed below, and vary parameters from a current sheet model to find the best fit to the local time corrected ΔB θ . The spatially corrected perturbation field results then provide a way to infer how the strength of Jupiter's current sheet changes over time during the Galileo era. All data used in this study were collected within 4.4°of the jovigraphic equator, and most orbits were within 1°of the jovigraphic equator.
The data set shows that the perturbation field falls off strongly with radial distance, with ΔB θ approximately À100 nT at 10 R J and ΔB θ approximately À10 nT at 30 R J , as expected. The perturbation field ΔB θ also displays Journal of Geophysical Research: Space Physics 10.1002/2017JA024066 a local time dependence, with |ΔB θ | at a given radial distance smallest from noon to dusk and largest from midnight to dawn. Therefore, to remove the dependence of ΔB θ on local time, we fit ΔB θ with a two-dimensional function that accounts for changes with radial distance and local time. Following previous work where we modeled B N , the magnetic field component normal to the current sheet, as a function of radial distance and local time (Vogt et al., 2011) , we assumed a functional form of
where r is radial distance in R J , φ is local time in radians, and A, B, C, D, and E are constants that are determined by the fitting routine. The last term in equation (1) contains the local time correction term that is subtracted from the (uncorrected) ΔB θ . This term falls off exponentially with radial distance to account for the fact that the magnitude of the local time variation decreases as ΔB θ decreases with r. Additionally, we do not include any dependence of ΔB θ on z since all of the data are near-equatorial and the change in B θ with z is typically small. We then performed the fit using a routine that computes a nonlinear least squares fit to the data with a gradient-expansion algorithm. In calculating the fit, we used all of the available magnetic field measurements between 5 and 60 R J , including data from Pioneer 10 and Pioneer 11, Voyager 1 and Voyager 2, and Ulysses to provide additional coverage in the prenoon local time sector. The calculated best fit parameters are A = À11,219.503, B = À2.023, C = 4.458, D = 6.461, and E = 3.925. Figure 2 shows the (uncorrected) ΔB θ as a function of local time from three radial distance bins and the ΔB θ fit from the center of each radial distance bin. The amplitude of the local time variation depends on radial distance but is generally smaller than the temporal variability at each location by about a factor of 2.
After accounting for the ΔB θ dependence on local time, we then fit a current sheet model to the local time corrected ΔB θ for each orbit. Following Connerney et al. (1981) , we considered data only at radial distances from 10 to 30 R J , where the magnetic field is dominated by the planetary magnetic field and the field produced by the azimuthal current sheet, and the effects of the nightside magnetotail stretching and magnetopause surface currents are negligible. On average, the interval during which the spacecraft was located between 10 and 30 R J lasted for about 5 days, and the orbits were typically separated by about a month. Following the Bunce et al. (2007) study for Saturn, we first used the Connerney et al. (1981) current sheet model and varied the μ 0 I 0 parameter and the radial distance of the outer edge of the disk to find the best fit (minimizing the RMS error) to the observed local time corrected ΔB θ . The inner edge and disk thickness remained fixed at 5 R J , following the Connerney et al. (1981) model. We found that the outer edge of the disk was not as variable as the μ 0 I 0 parameter and that the total current flowing in the disk remained roughly constant whether we allowed both μ 0 I 0 and the outer edge to vary or whether we held the outer edge fixed at 50 R J and just varied the μ 0 I 0 term. A similar conclusion regarding the importance of the μ 0 I 0 term was made by Ridley and Holme (2016) , who used Galileo observations at radial distances inside of 12 R J to model Jupiter's current sheet and study secular variations in Jupiter's internal magnetic field. Therefore, in the following discussions, we present results where we varied only the μ 0 I 0 term of the Connerney et al. (1981) current sheet model and held the outer edge fixed. In section 4.5 we describe the results of fitting the Khurana (1997) perturbation field model to the local time corrected ΔB θ , which was necessary to quantify the predicted shifts in the ionospheric mapping of field lines that cross the equator at a fixed radial distance. 
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μ 0 I 0 value, or current density parameter, separately for the inbound and outbound portions of each orbit. For example, the perturbation field radial profiles are noticeably different from the inbound and outbound portions of the orbit in November 1997 and more similar in November 1996. Correspondingly, the best fit μ 0 I 0 values for the inbound and outbound intervals are similar in November 1996 (416 and 424 nT, respectively) but significantly different in November 1997 (522 and 492 nT). Typically the change in the perturbation field (and therefore also in the best fit μ 0 I 0 value) between the inbound and outbound passes is smaller than the orbit-to-orbit change, as can be seen in Figure 3 . This suggests that the current sheet current density is relatively stable on time scales of at least~5 days, the typical length of time used in each fit.
For most orbits, the Connerney et al. (1981) current sheet model with a variable μ 0 I 0 parameter provides a good fit to the perturbation magnetic field measured by Galileo. For example, in Figure 3 , the local time corrected measured (blue lines) and modeled (red lines) ΔB θ show good agreement. For two orbits, G28 in May 2000 and I32 October 2001, the RMS error corresponding to the best fit μ 0 I 0 values was much larger than the typical value, indicating that the current sheet model did not provide a good fit to the measured external field. Full results from the μ 0 I 0 fitting to all 31 Galileo orbits are presented in Figure 5 and Table 1 and are discussed in section 4. As is discussed in more detail there, the best fit μ 0 I 0 values show significant temporal variability, on both short (orbit-to-orbit) and long (several years) time scales.
Propagated Solar Wind Model
We wish to investigate the possible drivers of the temporal variability in Jupiter's current sheet that we have identified using the methods described in section 3.1. We begin by searching for evidence of any connection between μ 0 I 0 and the external solar wind conditions, given the findings of Bunce et al. (2007) that the Saturnian current sheet is significantly influenced by the magnetospheric system size, which is in turn determined by the solar wind dynamic pressure, and other observational studies that have shown that certain aspects of Jupiter's magnetosphere and aurora are affected by changes in the upstream solar wind conditions (e.g., Gurnett et al., 2002; Hanlon et al., 2004; Tao et al., 2005) . As upstream solar wind measurements are generally not available at Jupiter, we make use of the Michigan Solar Wind Model, known as mSWiM (Zieger & Hansen, 2008) . The model is a 1-D MHD model that propagates solar wind data, obtained from the OMNIWeb database, from the Earth's orbit at 1 AU to as far out as 10 AU. Model outputs include the solar wind density ρ, the velocity v and magnetic field in RTN coordinates, and temperature. From these quantities we can calculate the modeled solar wind dynamic pressure, ρv 2 , which is of particular interest because the dynamic pressure influences Jupiter's magnetospheric system size. The observed magnetopause standoff distances are bimodal,~60 or 90 R J for the compressed and expanded states, respectively, and have been attributed to a bimodal distribution observed in the solar wind dynamic pressure (Joy et al., 2002; McComas, Bagenal, & Ebert, 2014) . In order to more accurately characterize the solar wind dynamic pressure during each Galileo orbit, we consider both median and mean P Dyn values in our analysis.
As with any model, mSWiM is subject to error and has limitations that must be taken into account in order to interpret the model data appropriately. We refer the reader to Zieger and Hansen (2008) for a complete description of the model limitations but discuss a few of the most relevant points here. For example, the model's prediction efficiency is highest within 75 days of apparent opposition, when the direction of the solar wind flow measured near the Earth is directed toward Jupiter, and at times with a high recurrence index in the solar wind speed. Model calculations are not available for times when the two planets are far from apparent opposition, when the model would not capture the arrival of interplanetary coronal mass Figure 5 . The best fit current density parameter μ 0 I 0 , model solar wind properties, sunspot number, power of Jupiter's hectometric radio emissions measured by Galileo, and Loki brightness as a function of time during the Galileo era (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) . (top) Best fit μ 0 I 0 value for each Galileo orbit, with error bars indicating the range obtained by fitting the inbound and outbound portions of each orbit separately (where data were available). The second through fourth panels show the mSWiM model solar wind dynamic pressure, velocity, and IMF magnitude. The light gray lines show the model data, the thick black lines show a 28 day running average, and the red dots show the average of each quantity during the individual Galileo orbits. The blue shaded intervals in all panels indicate times within 75 days of apparent opposition, when mSWiM's prediction efficiency is highest. The fifth panel shows the monthly averaged sunspot number provided by NOAA's Space Weather Prediction Center website, with the observed values in black and the smoothed values in red. The sixth panel shows the 10 h running average of the hectometric integrated power flux measured by Galileo's PWS instrument. Finally, the seventh panel shows Loki infrared brightness data from ground-based observations and the Galileo NIMS instrument. The red line shows a square wave with a 540 day period.
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ejections (ICMEs) at Jupiter. Additionally, because it is a 1-D MHD model, mSWiM does not account for nonradial propagation of ICMEs. The expected error in shock arrival time is as small as 10-15 h for high recurrence index and~35 h for a low recurrence index. Nearly half (14 out of 31 cases) of the intervals used in this study occurred within 75 days of apparent opposition, and we focus on these orbits when studying whether the near-instantaneous solar wind conditions influence short-term variations in the current sheet μ 0 I 0 term. For assessing whether long-term trends in the solar wind conditions or solar cycle effects influence the long-term current sheet variability, we include all 31 orbits in our analysis and compare the best fit μ 0 I 0 values to a 28 day (roughly one solar rotation) running average of the modeled solar wind quantities.
Io Plasma Production
The moon Io is the main source of plasma in Jupiter's magnetosphere, and changes in Io's volcanic activity have been linked to variations in the magnetospheric plasma density. We have modeled variations in Jupiter's current density parameter μ 0 I 0 , which provides a proxy for the mass content in Jupiter's magnetodisk and is therefore likely to be linked to temporal changes in Io's plasma production rate.
Material released from Io's SO 2 atmosphere forms a neutral cloud near Io's orbit and is later ionized through charge exchange and electron impact ionization (e.g., Thomas et al., 2004 ). Io's neutral production rate is highly variable, ranging from~0.4 to~1.3 t/s on time scales of years (e.g., Delamere & Bagenal, 2003) . The rate at which plasma is added to the magnetosphere is also likely to be highly variable but is typicallỹ 500-1,000 kg/s, in the form of sulfur and oxygen ions (e.g., Thomas et al., 2004 , and references therein). Sodium is a minor component of Io's atmosphere and forms a large neutral cloud or nebula that extends for hundreds of R J and is easily visible from the Earth (e.g., Mendillo et al., 1990) . Though the rate of plasma production from Io is unfortunately difficult to measure, long-term measurements of related quantities are available and can serve as useful proxies. For example, ground-based observations of Loki, the largest volcano on Io, show that its infrared brightness varies with a period of~540 days (Rathbun et al., 2002) . This has been explained by modeling Loki as a basaltic lava lake with a periodically overturning crust (Rathbun & Spencer, 2006 ). Loki's active intervals have been linked to increases in the sodium nebula brightness (Mendillo et al., 2004) . While changes in the sodium nebula brightness do not necessarily indicate a change in Io's plasma production rate, studies have shown an association between the sodium nebula brightness and the plasma torus intensity (Brown & Bouchez, 1997) , which, in turn, has been related to the measured magnetospheric electron density (Nozawa et al., 2005) .
In section 4.3 we present Loki brightness data from 1996 to 2003, as measured at several different infrared wavelengths by ground-based telescopes when Io is occulted by Jupiter (Rathbun et al., 2002) and by the Galileo Near-Infrared Mapping Spectrometer (NIMS), for comparison with the observed variability in Jupiter's current density parameter. We also discuss temporal variations measured in Io's dust emission rate, as measured by the Galileo Dust Detector System (DDS), which can also be used to infer Io's volcanic activity (Krüger et al., 2003) .
UV Auroral Observations From HST
HST auroral observations are available from 11 dates from 1996 through the end of 2002. As was discussed in section 2, shifts in the main emission position can indicate a change in the magnetic field configuration due to changes in the current sheet strength. Therefore, it is of interest to our study to examine the main emission's latitudinal position and compare any observed shifts to what is expected from the current sheet index calculated for the appropriate Galileo orbit. For example, we would expect the main "oval" to be expanded, or located at lower latitudes than its average position, for orbits when the current sheet index is larger than average, assuming that the main emission maps to 30 R J at all times.
The position and brightness of the main emission vary over a Jovian rotation because of local time asymmetries in Jupiter's magnetospheric magnetic field and in the expected radial distance of corotation breakdown (e.g., Ray et al., 2014; Vogt et al., 2011) . Therefore, it is important to compare images with a similar viewing geometry. From the 11 Galileo era dates we have 27 images with a similar viewing geometry and clear pictures of the northern auroral oval. For each image, we estimate the main emission's latitudinal extent by examining the auroral intensity across a box at a fixed jovigraphic position, as illustrated in Figure 4 . We then fit a Gaussian to the auroral intensity at positions within 10 pixels of the Nichols et al. (2009) reference main oval and defined the main emission peak, shown by the vertical green dashed lines in Figure 4 , by the peak of the fitted Gaussian. The main emission's extent is then given by the number of pixels between the peaks of the dawn (left) and duskside (right) main emission within the box. In Figure 4a the main emission is expanded and can be seen outside of the Nichols et al. (2009) reference main oval (red line), whereas in Figure 4b the main emission and reference main emission are nearly collocated. Correspondingly, the main emission extent is 94 pixels in Figure 4a compared to 84 pixels in Figure 4b . The main emission extent in the 27 images we studied ranged from 77 to 96 pixels, with an average of 88 pixels.
This approach has several benefits over simply tracing the main emission position or comparing its latitudinal extent to a reference oval. First, and most crucially, it removes possible errors in absolute position (i.e., with respect to a reference oval) associated with the limb fitting of each image. Additionally, we calculate the main emission extent in a box that is well removed from the limb so that it is not subject to the errors associated with the polar projection. Second, for each image we obtain a single measurement, corresponding to the span of the main emission, which can be statistically compared to the contemporaneous current sheet index. Finally, our approach is not dependent on a specific reference oval, though we used the Nichols et al. (2009) reference main oval to provide a first guess for the main emission location when fitting the intensity with a Gaussian.
Galileo PWS Measurements of Hectometric Radio Emissions
Galileo's plasma wave subsystem (PWS) measured the intensity of Jupiter's auroral radio emissions, which are generated by the cyclotron maser instability and extend in frequency from the kilometer to decameter range. The hectometric (HOM) auroral radio emissions have frequencies between a few hundred kHz and a few MHz and originate in the high-latitude auroral zones (Zarka, 1998 to external solar wind drivers (Gurnett et al., 2002) , but increases in the HOM intensity are also thought to indicate global magnetospheric energy release and radial plasma transport (e.g., Louarn et al., 2007 Louarn et al., , 2014 and have been associated with quasiperiodic flow bursts and magnetic field dipolarizations observed by Galileo (Woch et al., 1998; Kronberg et al., 2005 Kronberg et al., , 2008 Vogt et al., 2010; Louarn et al., 1998 Louarn et al., , 2000 . Therefore, the intensity of the HOM emissions may be indicative of the state of the magnetosphere in a similar manner to the best fit current density parameter μ 0 I 0 . We include in our analysis a 10 h running average of the hectometric integrated power flux at frequencies from 0.5 to 5.6 MHz as measured by PWS. The 10 h running average is necessary because the intensity of Jupiter's auroral radio emissions varies strongly with the planet's~10 h rotation period.
Results and Discussion
Current Sheet Variability Overview
Figure 5 presents an overview of the current sheet variability, solar wind properties, sunspot number, HOM radio emissions measured by Galileo's PWS, and Loki infrared brightness over the Galileo era (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) . The top panel shows the best fit current density parameter μ 0 I 0 values for each Galileo orbit, calculated as described in section 3.1 and listed in Table 1 . The second through fourth panels show solar wind dynamic pressure, velocity, and IMF magnitude, respectively, provided by the mSWiM model. Model data from mSWiM are available for 27 of the 31 Galileo orbits used in this study. The monthly averaged (black) and smoothed sunspot numbers (red) in the fifth panel were obtained from NOAA's Space Weather Prediction Center website (ftp://ftp.swpc.noaa.gov/pub/weekly/RecentIndices.txt). The sixth panel shows a 10 h running average of the HOM radio emission power measured by Galileo's PWS instrument. The seventh panel shows ground-based measurements of Loki's infrared brightness, which serves as a proxy for Io's plasma production. These data were originally published in Rathbun and Spencer (2006) and have been modified to correct for a calibration error in data after December 2001 (Rathbun & Spencer, 2010) .
The best fit μ 0 I 0 values range from 406 to 572 nT. This range represents a variability of~15-20% of the average value of 476 nT. The observed variability occurs on both long and short time scales. The best fit μ 0 I 0 values are on average about 25 nT higher at the beginning of the Galileo era (1996) (1997) (1998) (1999) than at the end (1999) (2000) (2001) (2002) (2003) . There is also a steady decrease of~100 nT from late 1997 to mid-1999. There are 11 cases of orbit-to-orbit changes of at least 50 nT, most notably the sharp, brief decrease between September and November 1996 (Galileo orbits G2 to C3) and the sharp, brief increase from October to November 1999 (Galileo orbits I24 and I25). The C3 and I25 orbits are also noteworthy because they represent two extreme values for the best fit μ 0 I 0 424 nT for orbit C3, the second smallest of all 31 orbits, and the maximum value 572 nT for orbit I25. The orbit with the weakest μ 0 I 0 fit value was I32, one of the orbits for which the Connerney et al. (1981) current sheet did not provide a good fit to the measured ΔB θ .
For 17 of the 31 orbits the disparate data coverage of the inbound and outbound passes precludes a meaningful analysis of the current density parameter during the separate parts of the orbit. Additionally, we have not attempted to separately fit the inbound and outbound portions of orbits I32 and I33, the two orbits for which the RMS error between the measured and modeled ΔB θ was exceptionally high. For 7 of the remaining 12 orbits the difference in the best fit μ 0 I 0 of the inbound and outbound passes is sufficiently large (at least ±30 nT) to suggest that the difference is due to temporal changes in the current sheet strength and not due to other steps in the fitting process, such as the local time correction, which would be relatively small.
Solar Wind: Short-and Long-Term Effects
The modeled solar wind properties shown in Figure 5 exhibit variability on both short and long time scales, and we now consider whether this variability can be linked to the observed changes in Jupiter's current sheet. In general, there is a very weak anticorrelation between the best fit μ 0 I 0 values and the modeled solar wind velocity, magnetic field magnitude, and mean dynamic pressure. Linear correlation coefficients are listed in Table 2 . The median dynamic pressure shows a stronger (but still moderate) anticorrelation with the best fit a 0 I 0 values, though the anticorrelation is heavily influenced by two outlying orbits with a large median dynamic pressure (>0.13 nPa) and weak μ 0 I 0 (<440 nT). The mean solar wind dynamic pressure was very low during orbit I25, which featured an exceptionally large μ 0 I 0 fit. However, the overall mean solar wind conditions for orbit I25 were similar to those for orbit C3, during which the μ 0 I 0 fit was exceptionally small. For both C3 and I25, the μ 0 I 0 fit was significantly different than the orbits immediately preceding and following.
We can further study the short-term influence of the solar wind on Jupiter's current sheet by comparing the solar wind conditions and current density parameter from the inbound and outbound portions of each orbit. There are five orbits with available mSWiM model data and a significant difference between the inbound and outbound μ 0 I 0 (>±20 nT). Of these five orbits, one shows an anticorrelation between the solar wind dynamic pressure and μ 0 I 0 fit (the best fit μ 0 I 0 is smallest (largest) for the portion of the orbit with the largest (smallest) solar wind dynamic pressure), three orbits show virtually identical solar wind conditions during the inbound and outbound intervals, and one orbit shows a positive linear correlation between the solar wind dynamic pressure and μ 0 I 0 fit. These points are shown in Figure 6g .
Our interval of interest spans much of solar cycle 23, so we can also consider whether the observed long-term variability in Jupiter's current density parameter is related to solar cycle effects. Solar cycle 23 began in mid-1996 and reached solar maximum in late 2001 or early 2002, as can be seen by the sunspot number time series in the fifth panel of Figure 5 . During this interval, the 28 day running average of the modeled solar wind magnetic field and velocity both increased from the initial values and the modeled dynamic pressure slightly decreased, despite the increase in the solar wind velocity, due to a decrease in density (not shown). Additionally, the 28 day running average of both the modeled Alfvénic and magnetosonic mach numbers decreased from solar minimum to solar maximum (not shown). Overall, the long-term variation of the modeled solar wind properties qualitatively agrees with the findings of Jackman and Arridge (2011), who performed a statistical study of measured solar wind data near Jupiter (primarily from the Pioneer and Voyager spacecraft) at different solar cycle phases.
The current density parameter displays a long-term decrease of about 50 nT during the Galileo interval. Accordingly, there is a slight anticorrelation between the best fit μ 0 I 0 and the 28 day running average of the solar wind magnetic field and velocity (linear correlation coefficients À0.15 and À0.37, respectively), although the anticorrelation is somewhat stronger when the outlier orbits C3 and I25 are omitted (linear correlation coefficients À0.37 and À0.58, respectively). Because the 28 day averaged solar wind dynamic pressure decreased during the same interval, there is a positive linear correlation (linear correlation coefficient 0.21 or 0.29 with orbits C3 and I25 omitted) between the 28 day averaged solar wind dynamic pressure and the current density parameter, which is opposite to the anticorrelation observed on short time scales. There is also a moderately strong anticorrelation between the current density parameter and the sunspot number (linear correlation coefficient À0.43 or À0.62 if the two outlier orbits C3 and I25 are omitted), which increased over the same interval as the solar cycle progressed from solar minimum to solar maximum. Journal of Geophysical Research: Space Physics
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While there is no a priori reason to expect that the sunspot number influences Jupiter's current sheet, the moderate correlation suggests that the time scale for long-term μ 0 I 0 changes is similar to the 11 years of the solar cycle. This could be due to changes in Jupiter's interaction with the solar wind, as the reconnection efficiency is thought to decrease with increasing magnetosonic Mach number (Scurry & Russell, 1991) . The dayside reconnection voltage at Jupiter, calculated using Ulysses solar wind data from near 5 AU in a formula that has been successfully applied to the Earth, is estimated to increase by~50% from solar minimum to solar maximum (Nichols, Cowley, & McComas, 2006) .
Overall though, there is no significant evidence that the solar wind influences Jupiter's current sheet. This result is somewhat surprising given that Bunce et al. (2007) found that the total current in Saturn's magnetodisk has been shown to increase with increasing magnetopause standoff distance, which is inversely related to the solar wind dynamic pressure. However, Bunce et al. (2007) fit the inner and outer edges of the Connerney et al. (1983) current sheet model, not just the current density parameter μ 0 I 0 . They found that the best fit inner edge remained fixed, the best fit outer edge increased with the magnetospheric standoff distance, and the best fit μ 0 I 0 also increased with system size but also featured a~20% scatter at a fixed magnetopause standoff distance. Bunce et al. (2007) attributed this scatter to production-loss dynamics. At Saturn, both the μ 0 I 0 and the total current during the Cassini era were significantly more variable than the best fit μ 0 I 0 values we have calculated here for Jupiter. For example, the standard deviation of both the μ 0 I 0 and total current at Saturn was~20% of the mean value, while the standard deviation of the μ 0 I 0 at Jupiter was~8% of the mean. Therefore, given the lack of a clear correlation between our best fit μ 0 I 0 values and the modeled solar wind properties, one possible interpretation of our findings is that the observed variability is due only to production-loss dynamics, with little or no solar wind influence. We discuss this possibility next in section 4.3. However, it is also possible that the lack of a clear correlation is due to errors in the predicted solar wind conditions from mSWiM, including timing errors. Whereas the Bunce et al. (2007) study directly measured the system size from spacecraft magnetopause crossings, we have had to use a propagated solar wind model to infer the upstream conditions at Jupiter. Finally, it is also possible that any solar wind effects on Jupiter's magnetosphere are dependent on local time since, for example, the magnetospheric changes associated with a solar wind compression are largest near noon local time. In that case, the correlation between the best fit μ 0 I 0 in each orbit and the solar wind properties would be complicated by the variable local time of each orbit, which could help explain the lack of a clear correlation between the best fit μ 0 I 0 and any of the predicted solar wind properties.
Io Plasma Production and Loki Brightness
The Loki brightness data shown in the bottom panel of Figure 5 can be used as a proxy for the sodium nebula brightness and, in turn, for plasma torus intensity and Io's plasma production rate. We therefore may expect a Loki brightening to correspond to an increase in the current density parameter, with a possible time shift to account for the outward transport of plasma from the Io torus.
The measured brightness varies with a period of roughly 540 days (red square wave). The periodic brightening (~40 GW/mic/str or higher) typically lasts for about 6 months, while the quiet intervals last for about a year. The brightening in September-October 1999 occurred just prior to the sharp current density parameter increase during Galileo orbit I25 in November 1999, though we note that the other quasiperiodic brightenings were not accompanied by exceptionally large values of the current density parameter. Overall, there is a moderately strong positive correlation between the observed Loki brightness and Jupiter's current density parameter. Figure 6h plots the best fit μ 0 I 0 as a function of the average Loki brightness during each of the 17 Galileo orbits for which simultaneous Loki data are available. The linear correlation coefficient is 0.31, though this is heavily influenced by orbit I25 and its exceptionally high μ 0 I 0 and Loki brightness values. We have not accounted for any possible time lags associated with the outward plasma transport because the transport times are highly uncertain (e.g., 20-50 days, Delamere & Bagenal, 2003) , though this may introduce an error. Therefore, it is possible that variations in Io's volcanic activity do drive the observed changes in the magnetodisk but we do not observe a strong linear correlation between Loki brightness and the best fit μ 0 I 0 because of these timing errors.
Finally, we note that the Io plasma torus intensity, magnetospheric electron density derived from Galileo PWS measurements, and Io's dust emission rate showed a long-term decrease from 1997 to 2000 (Krüger et al., 2003;  Journal of Geophysical Research: Space Physics 10.1002/2017JA024066 Nozawa et al., 2004 Nozawa et al., , 2005 . For example, the dust emission rate measured by the Galileo DDS, shown in Figure 7b , decreases by more than an order of magnitude from 1996 to 2000. Similarly, a long-term decrease is evident in the current density parameter derived here, in accordance with the expectation that the mass content in Jupiter's magnetodisk should follow the magnetospheric electron density. However, this long-term decrease is not seen in the Loki brightness data, possibly indicating that Loki is not an appropriate proxy for Io plasma production.
Comparison to Voyager/Pioneer Era and Other Galileo Measurements
We applied the methods described in section 3.1 to obtain the best fit μ 0 I 0 to data from the other available spacecraft flybys. We calculated that the best fit μ 0 I 0 is 492 nT for Pioneer 10, 588 nT for Pioneer 11, 524 nT for Voyager 1, 440 nT for Voyager 2, and 536 nT for Ulysses. Connerney et al. (1981) noted that the magnetosphere was "less 'inflated'" in the Voyager 2 observations than for Voyager 1, consistent with a smaller μ 0 I 0 term for Voyager 2 than for Voyager 1. They reported "appropriate" μ 0 I 0 values of 450 nT for Voyager 1 and 300 nT for Voyager 2, and we similarly calculated a smaller best fit μ 0 I 0 term for Voyager 2 than for Voyager 1. However, one cannot draw a direct comparison between the Connerney et al. (1981) values and our best fit μ 0 I 0 values because of differences in the fitting routines, including the fact that our calculation focused on fitting ΔB θ only, applied a local time correction, and assumed fixed values of the current sheet inner edge, outer edge, and thickness. Mauk et al. (1998) reported that the hot plasma pressure measured by Galileo's Energetic Particle Detector at the start of the Galileo mission was depressed relative to values from the Voyager 1 epoch. Analysis of subsequent Galileo orbits suggested that the ring current ions became more depleted from 1995 through 1999 (Mauk et al., 2004) . These observations are consistent with our findings that the μ 0 I 0 fit was smaller during the early Galileo orbits than during Voyager 1 and steadily declined from late 1997 to mid-1999. This interval from mid-1997 to mid-1999 was also marked by relatively quiet HOM radio emissions measured by the Galileo PWS, as was noted by Louarn, Paranicas, and Kurth (2014) and is shown in Figure 5 . Overall, however, the HOM integrated power is weakly anticorrelated with the best fit μ 0 I 0 , as can be seen by the negative slope to the best fit red line in Figure 6f . This is opposite to expectations, since increased HOM intensity has been associated with magnetospheric disturbances including particle injections and magnetic reconfigurations. However, this may reflect a difference between the characteristic time scale for changes in the auroral radio emissions, typicallỹ 2-3 days (e.g., Louarn et al., 1998) , and the time scale for changes in the current sheet current density, which we found is typically longer than~5 days. For example, we note that the orbit with the largest average HOM integrated power, C22, also featured a relatively large difference between the inbound and outbound best fit μ 0 I 0 , 474 nT and 434 nT, respectively. This large difference suggests that the~5 days of orbit C22 in which Galileo was between 10 and 30 R J were marked by rapid changes in Jupiter's current sheet, and likely throughout the magnetosphere, which would be consistent with increased auroral radio emission intensity. The increased HOM emissions and changes in Jupiter's current sheet could be the result of an increase in the solar wind dynamic pressure. Unfortunately, the solar wind conditions during orbit C22 are highly uncertain because it was not within 75 days of apparent opposition, when mSWiM's prediction efficiency is highest.
Predicted Auroral Response
We have found that Jupiter's current density parameter varies by~15-20% with respect to its average value. In this section we make predictions for how the observed changes will affect the ionospheric position of various auroral features and consider whether the observed magnetodisk variability can account for the auroral shifts reported by . Changes in the μ 0 I 0 value indicate a change in the amount of field line stretching and should result in a displacement of the ionospheric mapping of the satellite footprints and Jupiter's main auroral emission (assuming here that the main emission always maps to a radial distance of 30 R J at all local times).
A simple way to quantify the predicted auroral shift is to compare the ionospheric mapping of two model field lines, in one case using the maximum value of the best fit μ 0 I 0 and in the other using the minimum value, traced from a fixed position in the magnetosphere to the ionosphere. In fitting the current density parameter for each Galileo orbit, we used the Connerney et al. (1981) current sheet model, which was intended to describe the perturbation field in the inner (R < 10 R J ) and middle (10 R J < R < 30 R J ) magnetosphere and uses a nominal value of μ 0 I 0 = 450 nT based on fits to Pioneer and Voyager data. The best fit μ 0 I 0 values we found range from 406 to 572 nT, and for large values of μ 0 I 0 (>~500 nT), the Connerney et al. (1981) current sheet model produces loops at~30 R J and beyond, at certain longitudes, that makes field line tracing impossible. These loops arise because the contribution of the current sheet field to the total B θ is larger in magnitude than and opposite in direction to the B θ component of the planetary field.
Because the Connerney et al. (1981) current sheet model does not allow field line tracing for the largest μ 0 I 0 values, we went back to the current sheet fitting procedure described in section 3.1 and substituted the model of Khurana (1997) for the perturbation magnetic field due to Jupiter's current sheet. We varied the C 2 parameter in the Khurana (1997) model to obtain the best fit to the observed, local time corrected ΔB θ of each Galileo orbit. Finally, we traced field lines given by both the maximum and minimum C 2 fit values to quantify the predicted auroral shifts.
The Khurana (1997) field model represents the external field with Euler potentials and accounts for features such as the field sweep back and current sheet warping and delay through 14 parameters that are fit to data from the Pioneer and Voyager spacecraft. The perturbation B Z (similar to B θ near the equator) is approximated as
where ρ is cylindrical radial distance and all other terms are fit parameters (equation (21) of Khurana, 1997) . The first term, involving the C 2 parameter, is the dominant term in equation (2), and varying the C 2 parameter alone leads to a reasonable estimate of the best fit perturbation field for each Galileo orbit. In fitting the Khurana model, we used the P10 values for the 13 constant parameters (see Khurana, 1997 , Table 1 ). We found that the best fit C 2 parameter varied from 920 to 1550, with an average value of~1180.
The measured variabilities of the two different current sheet parameters, μ 0 I 0 for the Connerney model and the C 2 parameter for the Khurana model, agree both qualitatively and quantitatively, as is shown in Figure 7a . For example, the orbit-to-orbit change is similar for each modeled parameter, and orbits I25 and I32 feature the maximum and minimum values, respectively, of both the μ 0 I 0 fit and the C 2 parameter. Figure 8 shows the auroral mapping of the Io (5.9 R J ) and Ganymede (15 R J ) orbits obtained by tracing model field lines with the internal field given by VIP4 and the external field given by the Khurana model for the minimum (920) and maximum (1550) C 2 fit values during the Galileo era. On average, the ionospheric mapping of Io (5.9 R J ) shifts by~0.7°in spherical distance, the Ganymede footprint (15 R J ) shifts by~1.5°, and the representative main auroral emission (30 R J ) shifts by~2.3°. These values are comparable to the results of , who compared HST images from 2000 and 2005 and found that the Ganymede footprint shifted by~2°in latitude and the main emission shifted by~3°in latitude. Next, we compare the auroral variability observed by HST to the predicted behavior based on temporal changes to the best fit μ 0 I 0 .
Auroral Response Observed With HST
In section 3.4 we described how we quantified changes in the latitudinal extent of the main emission by measuring the distance, in pixels, between the dawn side and dusk side main emission intensity peaks in a fixed box. The best fit μ 0 I 0 values for the times of the HST images range from 456 to 536 nT, whereas the best fit μ 0 I 0 values range from 406 to 572 nT over the Galileo era. Based on this variability, we expect the HST images to display a shift of~1-2°in the main emission, following the discussion in section 4.5. In the seven images we studied from the Galileo era, the average main emission extent was 87 pixels, corresponding to~22°in great circle distance, and ranged from 77 to 96 pixels. An expansion from a width of 77 to 96 pixels corresponds to a latitudinal shift of~2.5°, which is roughly consistent with the expected~1-2°shift.
While the magnitude of the variability we observe in the main emission agrees with that predicted by the observed current sheet variability, we can also ask whether the nature of the main emission change (e.g., expanded or contracted) is consistent with the best fit μ 0 I 0 for each orbit. Figure 7c shows the measured extent of the main emission plotted versus time on the same scale as the best fit current sheet parameters in Figure 7a , and Figure 7d shows the main emission's latitudinal extent plotted versus the best fit μ 0 I 0 from the Connerney et al. (1981) current sheet model. We expect that the auroral mapping of a specific radial distance in the magnetosphere will shift equatorward for larger values of the best fit μ 0 I 0 . Therefore, if the main emission maps to a constant radial distance, for example, 30 R J , at all local times, then the latitudinal extent of the main emission, as we have defined it, should increase with increasing μ 0 I 0 . However, we observe virtually no dependence of the main emission extent on the best fit μ 0 I 0 , and the linear correlation coefficient, À0.05, though small in magnitude, is actually negative, opposite to our expectations. Why does the observed auroral extent not increase with increasing μ 0 I 0 ? The most likely explanation is that the position of the main emission is influenced by factors other than just the magnetospheric field geometry and does not map to the same radial distance at all times. Changes in the mass loading rate from Io and cold plasma density can affect both the field configuration and the magnetospheric radial distance of the peak field-aligned current, which changes the ionospheric mapping of the main emission. The modeling work of Nichols (2011) showed that, depending on various factors such as the ionospheric Pedersen conductivity and the radial profile of the plasma azimuthal velocity, these two effects can even cancel so that the ionospheric position main emission effectively does not move even though the magnetospheric field is reconfigured. Additionally, magnetospheric compressions or expansions caused by changing solar wind dynamic pressure can alter both the field-aligned current system that drives the main emission and the magnetospheric field configuration, shifting the ionospheric mapping of a specific radial distance in the magnetosphere (e.g., Cowley & Bunce, 2003a , 2003b . Therefore, we suggest that the position of the main emission is likely to be significantly affected by factors other than the current sheet strength, including the solar wind, and that its magnetospheric mapping varies over time. Finally, we also note that the lack of the expected positive correlation between the main emission extent observed by HST and the concurrent best fit μ 0 I 0 could also be partly explained by a time delay or difference in the relevant time scales for the processes governing the main auroral extent and current sheet current density.
Conclusions and Summary
In this study we quantified the temporal variability in Jupiter's magnetodisk using Galileo magnetometer observations from 1996 to 2003. For each Galileo orbit we fit a current sheet model to the local time corrected perturbation field, which was given by the internal planetary field subtracted from the observed field. Here we have focused on results where we fit the Connerney et al. (1981) current sheet model to the data, allowing only the current sheet parameter μ 0 I 0 to vary from orbit to orbit. We found that the best fit μ 0 I 0 values varied ranged from 406 to 572 nT and displayed a long-term decrease from 1997 to 1999. The μ 0 I 0 values for orbits C3 and I25 were exceptionally small and large, respectively, and deviated significantly from the fits to the orbits immediately before and after. We additionally fit the Khurana (1997) perturbation field to the data and found that the measured variability of the current sheet parameters for each respective model agreed both qualitatively and quantitatively.
We attempted to relate the observed current sheet variability to quantities such as Io's plasma production rate and the external solar wind conditions. We compared long-and short-term trends in the μ 0 I 0 fit to the modeled solar wind conditions and proxies for Io's plasma production, such as Loki brightness and plasma torus intensity. While a similar study at Saturn found that the total current in the magnetodisk was related to the magnetospheric system size and therefore the solar wind dynamic pressure , we found only a weak correlation between the best fit μ 0 I 0 at Jupiter and the modeled P Dyn or other solar wind properties. A long-term decrease was observed from 1997 to 2000 in the Io plasma torus intensity, magnetospheric electron density, and Io dust emission rate (Krüger et al., 2003; Nozawa et al., 2004 Nozawa et al., , 2005 similar to the decrease we observe in the best fit μ 0 I 0 . However, this long-term decrease is not seen in the Loki brightness data, possibly indicating that Loki is not an appropriate proxy for Io plasma production. Therefore, while there was only a weak correlation between the ground-based Loki brightness measurements and the best fit μ 0 I 0 , it remains possible that Io's plasma production controls the strength of Jupiter's current sheet.
We found that Jupiter's current sheet current density parameter varies by~15-20% with respect to its average value and quantified how this variability would influence the ionospheric mapping of the satellite footprints and Jupiter's main auroral emission. We traced Khurana (1997) model field lines with a varying current sheet parameter, we showed that the observed variability in the current sheet alone can shift the ionospheric mapping of the Io (5.9 R J ) and Ganymede (15 R J ) footprints by~0.7°and~1.5°, respectively, and shift the representative main auroral emission (30 R J ) by~2.3°. In addition to establishing the predicted auroral response to Jupiter's current sheet variability, we quantified changes in the latitudinal extent of the main emission intensity in seven HST images taken during the Galileo era. We found that the overall magnitude of the observed variability in the main emission extent was consistent with the overall changes in the current density parameter measured by Galileo but that larger μ 0 I 0 values did not correspond to a more expanded 
